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The effects of additions of low-molecular-mass salts on the properties of aqueous lysozyme solutions are ex-
amined by using the cloud-point temperature, Tcloud, measurements. Mixtures of protein, buffer, and simplesalt in water are studied at pH= 6.8 (phosphate buffer) and pH= 4.6 (acetate buffer). We show that an addition
of buffer in the amount above Ibuffer = 0.6mol dm−3 does not affect the Tcloud values. However, by replacinga certain amount of the buffer electrolyte by another salt, keeping the total ionic strength constant, we can sig-
nificantly change the cloud-point temperature. All the salts de-stabilize the solution and the magnitude of the
effect depends on the nature of the salt. Experimental results are analyzed within the framework of the one-
component model, which treats the protein-protein interaction as highly directional and of short-range. We use
this approach to predict the second virial coefficients, and liquid-liquid phase diagrams under conditions, where
Tcloud is determined experimentally.
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1. Introduction
Studies of the physico-chemical behaviour of mixtures of proteins and simple salts in water [1–12]
are important to understand the stability of such mixtures and may yield improvements of methods for
protein precipitation and crystallization [13–39]. The list of references presented here is far from be-
ing complete — there are more papers published than we can possibly mention. Protein aggregation
may be desired or undesired. In the downstream processing, proteins should be salted-out in such a
way that their native form is preserved. From the undesired viewpoint: the bio-pharmaceutical formu-
lations should be free of aggregates, and their formation must be inhibited during storage [40]. Further,
(the pathological) protein aggregation appears to be connected with several diseases [41]. A better un-
derstanding of the factors that influence the aggregation of proteins in a mixture with various salts is,
therefore, of great importance.
The temperature-induced liquid-liquid phase separation in an aqueous protein-water solution was
performed for lysozyme solutions, first reported by Ishimoto and Tanaka [42]. So far the method has
been used many times [5, 13, 15, 18, 22], having proved to be useful in studying the salt-specific effects
in protein solutions. Having cooled the protein solution at a constant concentration, a well-defined and
reversible opacification is observed when a certain temperature, named Tcloud, is reached. Above thistemperature, the solution exists in one phase, while below the Tcloud, two equilibrium phases are ob-served. The onset of the cloud-point temperature depends, not only on pH of the solution, but also on the
electrolyte concentration and its nature or composition if several salts are present. For this reason, the
Tcloud measurements represent a useful tool in the studies of salt-specific effects in protein solutions.A seminal study in this direction was contributed by Taratuta et al. [15]. These authors investigated
the dependence of cloud-point temperature on the ionic strength of the sodium phosphate buffer (fig-
ure 2 of that paper). In the range of Ibuffer from 0.3 to 0.6mol dm−3 and keeping pH= 6.8 constant, theyfound no change in cloud-point temperature upon further increase of the ionic strength of the buffer.
It appears that due to strong electrostatic screening, the Coulomb part of the protein-protein interaction
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does not change upon further increase of the buffer concentration. In continuation of this interesting
work, Taratuta and coworkers added low-molecular-mass salts to the buffer, at the same time decreas-
ing the buffer content to keep the total ionic strength equal to 0.6mol dm−3. In other words, they varied
the composition of the low-molecular-mass electrolyte, keeping its total ionic strength constant. In the
present experimental study we follow this approach to examine the effects of the added low-molecular-
mass salts on the stability of protein solutions.
Recently [38] we proposed a new approach to analyze the cloud-point temperature measurements.
We modelled protein molecules as hard spheres, with a number of square-well attractive sites located on
the surface. To obtain measurable quantities we applied the thermodynamic perturbation theory devel-
oped by Wertheim [43, 44]. The approach was used to analyze experimental data for Tcloud in lysozymesolutions. The calculations provided good fits to the cloud-point curves of lysozyme in buffer-salt mix-
tures as a function of the type and concentration of salt. In a spirit of the chemical engineering theories,
the approach was capable of predicting full coexistence curves, osmotic compressibilities and second
virial coefficients within the domain of concentrations where Tcloud were measured.The work presented here is a continuation of our previous study [38] with one major difference that
we analyze our own Tcloud measurements performed recently. The review of literature revealed thatexperimental studies of salt-specific effects are rarely systematic: sometimes salts are added to protein
solution in addition to buffer, sometimes alone, forming the protein-salt mixture. Further, for the cho-
sen experimental method, the data collected in different laboratories may scatter much more than it is
suggested by the precision of a single measurement. One reason for this lies in the details of protein
solution preparation, which appears to be more important than it is actually recognized by most of the
researchers. The protein solutions are prone to “age” and one can obtain different results with the freshly
prepared or a few weeks old samples. Such differences can be seen even within a single paper [15].
Taking all these into account, and to avoid possible experimental inconsistencies, we decided to per-
form our own Tcloudmeasurements on the well characterized solutions. The data were taken on lysozymesamples purchased from a single producer (Merck, Germany). We took all the necessary precautions
in preparing the solutions, for details see the experimental part of the manuscript, to ensure a consis-
tency of the results and a fair comparison with theory. The measurements were analyzed using the one-
component model published recently [38]. Based on this analysis and on our new Tcloud measurements,we predicted other thermodynamic quantities, including the full binodal curves and osmotic second virial
coefficients for lysozyme in phosphate and acetate buffers in presence of low-molecular-mass salts.
2. Experimental details
2.1. Materials and solution preparations
Hen egg white lysozyme (M2 = 14.388 g mol−1) was purchased from Merck Milipore, product num-ber 105281, lot K46535581 514. The alkali metal salts (> 99%, KCl, NaCl, KBr, NaBr, NaI, NaNO3,NaH2PO4·2H2O, and Na2HPO4) were obtained from Merck Milipore as well, while CH3CH2COONa andNaSCN were obtained from Sigma Aldrich. The first step was preparation of the lysozyme-buffer and
salt-buffer stock solutions. Dialyzing buffer was NaH2PO4/Na2HPO4 with ionic strength of 0.1 mol dm−3and pH= 6.8. Lysozyme was dissolved in buffer and dialyzed against it for 24 h, using the Spectra/Por
Membraner dialysis membrane with theMw cutoff of 3500 Da. During this time, the buffer was changedthree times. Concentrations of protein and salts in stock solution were two times higher than in the solu-
tion used in Tcloud measurements. As often for mixed electrolytes, the salt and buffer amounts are givenin ionic strength, I = 12∑i ci z2i , where sum goes over all ionic species of salt, i of concentration ci andelectrovalence zi . For +1:−1 salt I is equal to its concentration, c in mol dm−3.The low-molecular-mass salts were in presence of P2O5 dried for two hours at T = 130◦C. Stock salt-buffer solutions were prepared in such a way that solid components were weighted and then filled with
distilled water in a filling flask up to themark. Mixtures of salts and protein were prepared just before the
measurements. The lysozyme concentrationwas determined bymeasuring the absorbance at λ= 280 nm
and 25◦C using a Cary 100 Bio (Varian) spectrophotometer, which uses the Peltier block for tempera-
ture regulation. The same instrument was used for the Tcloud determination. The extinction coefficient
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of lysozyme was 2.635 dm3g−1cm−1 at 25◦C. pH was measured using the Iskra pH meter model MA5740
(Ljubljana, Slovenia), using combined glass micro-electrode of type InLab 423 fromMettler Toledo (Schw-
erzenbach, Switzerland). pH of solutions were determined at the beginning and at the end of the experi-
ment. The deviations from the desired pH values were always within ±0.1.
2.2. Cloud-point temperature measurements
Tcloud is defined as the temperature where upon cooling the first opacification is noticed in solutionunder study. The cloudiness was in our case detected by an increase in the solution absorbance at wave-
length λ= 340 nm. As noticed before, the measured cloud-point temperatures may depend on the cooling
rate [22]. In an initial investigation of the system, we measured Tcloud at three different cooling rates: 0.1,0.5, and 1.0◦C min−1 and extrapolated these results to cooling rate equal to zero. In the Tcloud measure-ments reported here, we used the cooling rate equal to 0.1◦C min−1, which yields the results very close
(within ±0.1◦C) to the extrapolated value. Reversibility of the process was verified by warming up the
sample above the Tcloud and by cooling it again to repeat the measurement. Like some other authors be-fore us, we measured both the Tcloud and Tclear; the latter is the temperature where the solution becomesclear again. The differences between these two temperatures were in the range from 1.0 to 4.0◦C, de-
pending on the salt type and concentration. While other researchers [22] take the average of Tcloud and
Tclear as a final value, we report the actual Tcloud values in our results. In view of the observed differ-ences between Tcloud and Tclear values, the absolute error in temperature of cloud-point determination isestimated to be between ±1.0 and ±2.0◦C.
3. Theoretical part
The theoretical model used in this study [38] is based on the observation that the range and di-
rectionality of the attractive interactions between protein molecules determine their phase behaviour
[20, 24, 45–47]. Previous studies suggested the appearance of a liquid-liquid coexistence region, which
turns out to be meta-stable with respect to the solidification [19, 24, 48, 49]. This is in contrast with the
behavior of the systems composed of van der Waals type of particles, where the range of interaction be-
tween molecules is comparable with their size. Theoretical methods suitable to the study of systems of
molecules interacting with strong directional forces have been proposed by Wertheim [43, 44] and fur-
ther developed by many other authors [50, 51]. The one-component model of protein solution, which in
some aspects resembles simple water models [52, 53], has recently been used to analyze the experimen-
tal data for phase diagrams of lysozyme and γ-crystallin solutions [38]. For convenience of a reader, the
descriptions of the model and theory are briefly repeated below.
We model the solution as a system of N protein molecules with number density ρ =N/V at tempera-
ture T and volume V . Protein molecule is pictured as a sphere of diameter σ with the attractive square-
well sites through which it interacts with other protein molecules. The solution is treated as a quasi
one-component system, where the solvent (water, buffer, and low-molecular-mass salt) merely modifies
the interaction between solutes. We assume the protein-protein pair potential to be composed of: (i) the
hard-sphere part uR(r ) and (ii) attractive contributions, uAB, caused by the (short-range) square-well siteslocalized on the surface of the protein [43]
u(r)= uR(r )+
∑
A∈Γ
∑
B∈Γ
uAB(xAB). (3.1)
In this expression, r (r = |r|) is the vector between the centers of molecules, xAB is the vector connectingsites A and B on two different protein molecules and Γ denotes the set of sites, see figure 1. We examine
the case whereM equal sites are distributed over the surface of the spherical protein; in other words, the
displacement length d is 0.5σ. The pairwise additive potential is then written as follows:
uR(r ) =
{ ∞, for r <σ,
0, for r Êσ, (3.2)
uAB(xAB) =
{ −εW, for |xAB| < aW,
0, for |xAB| Ê aW. (3.3)
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Figure 1. (Color online) The pair potential consists of the hard-sphere and site-site contributions. Only
one site— of the set ofM sites— is shown on each sphere.
Here, εW (> 0) is the square-well potential depth and aW is its range. The interaction between the sites isonly effective for the site-site distance |xAB| being smaller than aW. Themultiple site bonding is preventedby applying the condition [43, 54]
0< aW <σ−
p
3d . (3.4)
As usually in such studies, the additivity of the free energy terms is assumed
A = Aid+ Ahs+ Aass, (3.5)
where Aid is the ideal part [55], Ahs is the hard-sphere part [56], while Aass stands for the site-site associ-
ation contribution [43, 44, 51]
βAass
N
=M
(
lnX − X
2
+ 1
2
)
, (3.6)
where β = (kBT )−1 and kB is Boltzmann’s constant. The association parameter X defines the averagefraction of the molecules not bonded to any site [51]
X = 1
1+MXρ∆AB . (3.7)
Further, the ∆AB term is related to the hard-sphere fluid through the radial distribution function ghs(r )via the expression [54]
∆AB = 4pighs(σ)
2d+aW∫
σ
f¯ass(r )r 2dr. (3.8)
The radial distribution function ghs(r ) is calculated by the Ornstein-Zernike integral equation theory
using the Percus-Yevick (PY) closure [55], yielding
ghs(σ) = 2+η
2(1−η)2 , (3.9)
where η= piρσ3/6 is the packing fraction of hard spheres. Further, f¯ass(r ), is the angular average of theMayer function, obtained analytically [54]
f¯ass(r ) = exp(βεW)−1
24d2r
(aW+2d − r )2(2aW−2d + r ). (3.10)
Once the Helmholtz free energy, equation (3.5), is known, other thermodynamic quantities, among them
the osmotic pressureΠ and chemical potential of the protein species, µ, can be calculated. By using equa-
tions (3.6), (3.7) and (3.9), we get expressions for osmotic pressure and then for the chemical potential
βΠass = − (Mρ)
2∆ABX (2−X )(1+2η)
(1+2Mρ∆ABX )(1−η)(2+η) , (3.11)
µ = A
N
+ Π
ρ
. (3.12)
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Ideal and hard sphere contributions to the free energy and pressure can be found elsewhere [55]. At this
step we can calculate the cloud point temperature, as well as the whole liquid-liquid coexistence curve,
by applying the Maxwell construction. Another important theoretical and experimental quantity is the
second virial coefficient, B2, defined as:
Π
kBT = ρ+B2ρ
2+ . . . . (3.13)
We calculated this quantity as suggested by Bianchi et al. [32]
B2 =B (hs)2 −2piM2
2d+aW∫
σ
f¯ass(r )r 2dr. (3.14)
Here, B (hs)2 = 2piσ3/3 is the second virial coefficient of hard spheres. Note that the integral in equations(3.8) and (3.14) can be calculated analytically. Model parameters used in calculations are given in table 1.
Table 1.Model parameters used in the calculations.M2 is the molar mass of the lysozyme.
σ [nm] 3.430
d [nm] 1.715
aW [nm] 0.180
M2 [g mol−1] 14388
M 10
4. Results and discussion
4.1. Cloud-point temperatures for lysozyme-buffer-salt mixtures
Taratuta et al. [15] noticed that after a sufficient amount of buffer is added, Tcloud becomes insen-sitive to a further increase of ionic strength. This observation suggests that at certain ionic strength,
the Coulomb interaction between proteins becomes sufficiently screened. We confirmed this finding for
lysozyme in mixture with phosphate buffer (pH= 6.8) and NaBr (see figure 2). In this graph we present
Figure 2. (Color online) Experimental results for the cloud-point temperatures, Tcloud, in the protein-phosphate buffer mixtures as a function of the concentration of the added NaBr (Isalt). Experimentalconditions: total ionic strength is Itotal = 0.7 (H), 0.8 (■), and 0.9 (•) mol dm−3, pH = 6.8 and proteinconcentration γ= 90 g dm−3.
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Figure 3. (Color online) Experimental results (symbols) for the cloud-point temperatures, Tcloud, in theprotein-phosphate buffer mixtures as a function of the square root of simple salt content, √Isalt. Experi-mental conditions: I = 0.6mol dm−3, pH= 6.8 and protein concentration γ= 90 g dm−3. Legend: NaSCN
(), NaI (■), NaNO3 (•), NaBr (H), and NaCl (N). Theoretical predictions (lines) according to equation (4.1)and table 2.
Tcloud taken as a function of the ionic strength of the added sodium bromide (Isalt ≡ csalt) at a constanttotal ionic strength Itotal = Isalt+ Ibuffer, with Itotal equal to 0.7, 0.8, and 0.9 mol dm−3, respectively. Sym-bols representing the measurements at different Itotal fall — within the experimental error — on thesame curve. These results indicate that for a given value of Isalt , 0, Tcloud is insensitive to the Itotal vari-ations above 0.6 mol dm−3. Due to the experimental limitations of our apparatus, no Tcloud values couldbe determined below −6◦C.
In figure 3, the experimental results for Tcloud at pH= 6.8, lysozyme concentration γ= 90 g dm−3,and total ionic strength (Ibuffer + Isalt) equal to 0.6 mol dm−3 are shown. Analogous results for acetatebuffer are shown in figure 4. The experiments suggest a square root functional dependence between the
Tcloud and ionic strength of the added electrolyte. Notice that the Tcloud at Isalt = 0 should be the samefor all the salts. The extrapolated value of Tcloud to Isalt = 0, as we have already mentioned, this point isexperimentally not accessible, is −12±2◦C. The salt-specific effects in Tcloud measurements have beenobserved in several previous experimental papers [5, 15]. An increase of the cloud-point temperature can
Figure 4. (Color online) Experimental results (symbols) for the cloud-point temperatures, Tcloud, for var-ious salts added to the protein-acetate buffer mixture as a function of the square root of simple salt
content, √Isalt. Legend as for figure 3, but instead of NaBr there is KBr in this figure. Theoretical predic-tions according to equation (4.1) and table 3 with the M = 10 (lines). Experimental conditions as for the
previous figure except for pH, which is equal to 4.6.
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be interpreted as a decrease of stability of the system. Considering that the total ionic strength is constant
for all the samples studied in figure 3, this instability has been ascribed to the salt adsorption occurring
at the protein surface [15]. Lysozyme solutions at pH= 6.8 assume a positive net charge. That is why the
effects of anions are strong.
In our model, the strength of the protein-protein attraction can only be regulated by the depth of
the attractive square-well potential, ²W. In view of the new experimental results, shown in figure 3, wesuggest this quantity to be correlated with the ionic strength of the added low-molecular-mass salt (Isalt)as follows:
²W(Isalt)/kB = a
p
I salt+b. (4.1)
The parameters of this equation, leading to a good agreement with experimental data for solutions in
phosphate buffer, are given in table 2. As we see, the slope of equation (4.1) (parameter a) varies from
salt to salt.
Table 2. Parameters a and b defining equation (4.1)— phosphate buffer (pH= 6.8), protein concentration
γ= 90 g dm−3.
a [K dm3/2 mol−1/2] b [K]
NaSCN 1055
2293
NaI 807
NaNO3 625NaBr 426
NaCl 235
The parameters leading to a good agreement with experimental data for acetate buffer, are given in
table 3. The extrapolated value of Tcloud at Isalt = 0 is in this case equal to −31±2◦C. It is of interest tocorrelate the slope in equation (4.1), which depends solely on the potential well-depth, with the hydration
free energy of the salt anion. These results are shown in figure 5 for two different buffers— phosphate
(lower curve) and acetate (upper curve). As we see, the two lines show the same trend. The ion dependent
shift between the two lines seem to reflect the effects of the buffers present in systems. We see that,
as found before for polyelectrolyte [58] and lysozyme solutions [38, 59], the strength of protein-protein
interaction is roughly correlated with the free energy of counterion solvation ∆Ghydr.
Table 3. Parameters a and b defining equation (4.1) — acetate buffer (pH = 4.6), protein concentration
γ= 90 g dm−3.
a [K dm3/2 mol−1/2] b [K]
NaSCN 1293
2120NaI 1065NaNO3 886KBr 646
4.2. From Tcloud to B2 and liquid-liquid phase-diagram
We can use experimental information collected in tables (2) and (3), to calculate ²W(Isalt) from equa-tion (4.1) and then to predict full binodal curves under conditions (Isalt, Itotal), where no such experimentshave been done yet. These results are for NaBr and NaI in aqueous mixture of lysozyme shown in our
next figure 6 in phosphate buffer, pH = 6.8 and in acetate buffer, pH = 4.6 for KBr and NaI. Notice that
total ionic strength (Ibuffer+ Isalt) is constant and equal to 0.6 mol dm−3, while Isalt ≡ csalt varies.
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Figure 5. Correlation of the slope a of equation (4.1) with the hydration Gibbs free energies ∆Ghydr [57]of the corresponding anions. The lines are the best least-square fit through the data. The upper curve
belongs to pH= 4.6 and the lower one belongs to pH= 6.8.
It is important to stress that for proteins, the liquid-liquid boundary is located below the solid-liquid
boundary, indicating the meta-stability of such systems [24, 27]. When the saturated protein solution is
cooled, it may undergo liquid-liquid phase transition before it actually crystalizes. This discriminates
proteins from most of low-molecular weight mixtures, where such meta-stabilities were not observed.
Figure 6. (Color online) Panels (a) and (b) phosphate buffer, panels (c) and (d) acetate buffer. Coexistence
curve shifts toward higher temperatures, when Isalt increases by the order 0.1, 0.2 and 0.3 mol dm−3, asindicated by an arrow. Phase diagram evolution was calculated through the Maxwell construction, using
equations (3.11), (3.12) in conjunction with equation (4.1) and associated tables 2 and 3. Mass concentra-
tion of protein, γ, is related to ρ as γ= ρM2/NA, where NA is Avogadro’s number.
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The liquid-liquid coexistence curve can be determined experimentally [5, 18].
Another quantity of interest is the second virial coefficient B2, a critical parameter in controllingthe protein aggregation. The latter process is of practical interest for pharmaceutical industry [40, 60].
Wilson and co-workers [61, 62] discovered that in order to grow well-defined crystals, the second virial
coefficient should be slightly negative. The salt-specific effects can be observed also in figure 7. For each of
the two buffers (they determine the pH of solutions), the reduced second virial coefficient decreases with
increasing Isalt. The decrease is faster in case of the phosphate buffer (pH = 6.8), where the protein netcharge is around +7 [63]. For a certain amount of the added low-molecular-mass salt, the stability of the
solutions (as indicated by B∗2 values) decreases in the order: Cl− > Br− > I−. This is the so-called inverseHofmeister series, which has been observed experimentally in several papers [5, 64]. Unfortunately, the
experimental results for the exact conditions studied in figure 7 are not available so far.
Figure 7. (Color online) The reduced second virial coefficient B∗2 = B2/B (hs)2 as calculated from equation(3.14) in conjunction with equation (4.1) at T = 300 K. Parameters a and b are listed in tables 2 and
3 for respective buffers. Left-hand panel (a): phosphate buffer, pH = 6.8 (from the bottom to the top:
NaI, NaNO3, NaBr, NaCl). Right-hand panel (b): acetate buffer, pH= 4.6 (from the bottom to the top: NaI,NaNO3, KBr).
5. Concluding remarks
We present new measurements of the cloud-point temperature, Tcloud, for various lysozyme-buffer-salt mixtures. The salts mixed with the protein were NaSCN, NaI, NaNO3, NaBr, and NaCl in phosphatebuffer (pH = 6.8) and NaSCN, NaI, NaNO3, and KBr in acetate buffer (pH = 4.6). Our measurements,in agreement with some previous studies, suggest strong salt-specific effects. The Tcloud values, after acertain amount of buffer is added, do not depend any more on the total ionic strength of the present
electrolyte (Ibuffer+ Isalt) but rather on its composition; i.e., on Isalt content. The cloud-point temperaturevalues can bemodelled as a function of the square root of Isalt; cf. equation (4.1). From themeasurementswe extracted an information on the protein-protein interaction under conditions where Isalt varies. Usingthis information, we predicted the relevant liquid-liquid phase diagrams and reduced second virial coef-
ficients. The critical temperature of the phase diagram increases with an increasing salt content, but for
iodide salts, the effect is much stronger than for bromide salts. This holds true for both buffers studied
here. The results for reduced second virial coefficients, B∗2 , are consistent with these observations: the ad-dition of iodide salt destabilizes the protein solutions more than the addition of bromide salt. We believe
that the reason lies in a relatively high (comparing to Cl− or Br− ions) hydration free energy of I− ion,
which is prone to release some hydration water upon binding to the protein charges. This assumption is
supported by figure 5, where the correlation between the strength of the protein-protein interaction and
the free energy of solvation of various counterions is shown.
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Ефекти специфiки солi в розчинах лiзозиму
Т. Янч,М. Кастелiч,М. Бончiна, В. Влахi
Факультет хiмiї i хiмiчної технологiї, Унiверситет Любляни, вул. Вечна, 113, 1000 Любляна, Словенiя
Ефекти додавання солей з малою молекулярною масою на властивостi водних розчинiв лiзозиму вста-
новлюються з вимiрювань температури точки хмари, Tcloud. Дослiджуються сумiшi протеїну, буферногоелектролiту i простої солi у водi при pH= 6.8 (фосфатний буфер) i pH= 4.6 (ацетатний буфер). Ми показу-
ємо, що додавання буферного електролiту вище Tbuffer = 0.6 моль дм−3 не впливає на значення Tcloud.Однак, при замiнi певної кiлькостi буферного електролiту iншою сiллю, тримаючи постiйною повну iонну
мiцнiсть,ми можемо суттєво змiнити температуру точки хмари. Усi солi дестабiлiзують розчин, i величина
ефекту залежить вiд природи солi. Експериментальнi результати аналiзуються в рамках однокомпонент-
ної моделi, яка розглядає взаємодiю протеїн-протеїн як сильно направлену та короткодiючу. Ми викори-
стовуємо цей пiдхiд для передбачення других вiрiальних коефiцiєнтiв та фазових дiаграм рiдина-рiдина
при умовах, коли Tcloud визначається експериментально.
Ключовi слова: лiзозим, ефекти специфiки солi, температура точки хмари
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